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AB STRACT 
Toman Jr . ,  Joseph . M . S . , East ern Il linois University . May 19 8 7 . 
The effects  of frozen s torage and repeated freez e-thawing on Salmone lla 
in varied concentrat ions of waste  ac t ivated s ludge . Major Profe ssor : 
W .  A .  We iler 
Commonly , waste ac tivated s ludge is applied to  farmland as a 
fert ilizer supplement and soil condit ione r .  The u s e  of  waste ac tivated 
s ludge is not only an e f fic ient way of sludge d ispo sal , but also an 
economical one . Much concern has b e en raised ab out the safety of such a 
pract ice . Harmful pathogens , like Sa lmonel la ,  are commonly present in 
waste material . Treatment at was t ewat er plant s is success ful in 
eliminat ing the se organisms from f inal effluent , but the sol ids 
generat ed are ful l  of indigenous microorganisms , inc luding Salmonella . 
Wo rk of  thi s  paper attempt s  to determine the safety of  the sludge 
product aft er simulated winter conditions pre sent throughout the Unite d 
States (part icularly in the Midwe st) and the effects  tho se condit ions 
might have on the bacterial populat ion of the resultant sludge . 
Condit ions o f  refrigerat ion (4C) , frozen s torage (-25C ) , and repeated 
freezing and thawing were controlled under varied concentrat ions of  
waste  act ivated s ludge (O, 5 ,  and 10 percent) on  Sa lmone l la paratyph i A .  
Initially low (ca . 3 . lxl05 cells/ml) and high (ca . 4 . 7xl0 7 cells /ml) 
concentrat ions of  cells were e stab lished and bact erial count s were taken 
at one we ek int ervals to determine the survival of the se cells under the 
three conditions . 
Init ial concentrat ions o f  the bacterial population seem to have no 
apparent inf luenc e on their survival rate . S torage under re frigerat ion , 
i 
ii 
froz en ,  and repeated freez e-thawing s trongly inf luence the survival o f  
cell s , with freez ing and thawing produc ing the greate s t  mortality over 
t ime and refrigeration having the least affect. Greater c oncentrations 
of solids seemed to protect and increase the survival of Salmone lla ove r 
t ime for low populat ions o f  cells , while for high popul ations o f  cells  
the presence of solids  tended to increase morta lity.  The explanat ion 
seems to b e  attributed to the associat ion o f  cells  with solids , more s o  
when the c e l l  concentrat ion is high than when it is low .  
iii 
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INTRODUCTION 
Renewed concern regarding salmone llosis has occurred due to the 
recent outbreaks throughout the United S tates . Al though mo s t  of the 
cases have been attributed to food contaminat ion , a need to examine th e 
transmis s ion o f  Salmonella exi s t s  in other areas . An area o f  concern 
cent ers around waste act ivated s ludge , the dewatered so lids obtained 
during the processing of sewage was t e s . Sa lmone lla , an inhabitant o f  
the lower int estinal trac t , i s  a common organism pre s ent in the fecal 
material of  humans and other animals . Improper handling o f  wastewater 
during processing or disposal o f  so lids produced may pose health hazards 
in the environment .  
Sewage wa s t e s  handled by was tewater treatment plants  work to reduce 
the inf luent Biochemical Oxygen Demand (BOD) and chemically treat the 
effluent upon leaving the p lant to remove any potent ially harmful 
organisms . The s ludge s generated , however , contain a number of 
microorganisms , including Salmonella , which cause concern about the 
safety of such product s .  The treatment plant is also responsible for 
the disposal of  the re sultant s ludges . Treatment of  s ludges b efore 
disposal generally involve s a dewatering process to increase the so lid s 
cont ent . A common dewatering prac t ice utilizes sludge drying b eds wh ich 
act as evaporat ion areas to achieve proper mois ture leve l s .  Once the 
s ludge is concentrated/dried , it is disposed o f . Ho wever , no 
precaut ionary measure s are taken to ensure the microb iological safety o f  
the final product . Re cently , the u s e  of  sludges as a fertil izer 
supp lement or soil condit ioner on farmland has been a popular as we ll as 
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an economical means o f  dispo sal . The use of such material raises 
que st ions as to the safety of s ludge app licat ion and what health hazards 
could be invo lved in such a utilization process . The purpose o f  this 
paper is to examine the condit ions to which sludge s in drying beds ar e 
exposed over the winter in the Midwe st and to s tudy the ef fect tho se 
condit ions might have on the safety of  the resultant sludge . Salmone lla 
paratyphi � was studied in pure cul ture without competing microflora 
under frozen st orage (-25C)  and repeated fre ez ing and thawing . Varie d 
solids concentrat ions o f  0 ,  5 ,  and 10 percent were maintained for each 
condit ion studied to evaluate the e f fects  of so lid concentrat ion on 
survival .  Data were collected under laboratory control led condit ions . 
The obj ective s of this experiment were to determine the-viab ility of  
Salmonella when s o  stressed . The results are of  part icular interest to 
wast ewat er treatment plants in the United States that experience wint er 
condit ions o f  periodic freez ing and sub sequent thawing . Conceivably 
s ludges exposed to repeated freez ing and thawing might b e  safe ly app lie d 
to  agricultural soils while tho se not so exposed might still  contain 
large numbers of  salmonellae . 
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L ITERATURE REVIEW 
Three means are available for the dispo sal o f  digested sewage 
s ludge : dis charging it into deep waters of  a lake , sea , or ocean; 
disposing of it  in landfills;  and ut iliz ing it as a f ertiliz er by 
spreading it upon farmland (Wiley and We sterb erg , 1 9 6 9) .  To day , lakes 
and streams are no longer acceptab le for sludge disposal and the amoun t 
of s ludge that is dumped in the ocean is  decreas ing b ecause of imposed 
regulat ions (U . S . E . P . A . , 19 7 4 ) . Sanitary landfills  are expensive in 
terms o f  land cost s , operation , and maintenance .  Sanitary landfills 
must be managed properly so that was tes  are sys t ematically deposited and 
covered with earth to contro l env ironmental impac t s  within defined 
limits (U . S . E . P . A . , 197 4 ) . 
The applicat ion o f  sludge to farmland is a very popular d isposal 
method because i t  can be b oth economical and s imple . The use o f  sewage 
s ludge on land as  a fertilizer or soil conditioner is  a connnon method of 
resource conservat ion pract iced wor ldwide (Yeager and Ward , 198 1) . 
Unfortunat ely , in addition to the enriched nutrient cont ent that s ludge s 
provide , a host o f  indigenous populations of human ent eric pathogens are 
also pre sent (Yeager and Ward , 198 1) . The presence o f  these enteric 
pathogens can be detrimental to the environment if proper final wast e  
disposal proce s s e s  are not carefully monitored . Health risks to 
individuals or connnunities can b e  associated with the use o f  sludge . 
Contaminat ion o f  vegetables , sur face waters , and groundwaters is  
documented (Dud ley e t  al . , 1980) . 
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One potent ially harmfu l enteric pathogen which may b e  pre sent in 
s ludge is the bacterium Salmonella . Dudley and colleague s ( 1980)  
reported Salmonel la specie s in 9 0% o f  the sludges they examined and 
ob served that the organisms could survive for up t o  7 2  weeks in s ludge 
that had been applied to land . The salmonellae may cause divers e  
diseases in man and the lowe r  animals . Salmonellae are gram-negative , 
asporogenous , aerob ic to facultatively anaerob ic s ingle-celled , rod­
shaped , and generally mot ile . The genus has a growth range o f  6 . 7C 
(44F) to 4 1C ( 114F ) with an opt imal range from 3 5C ( 9SF) to 3 7C (99F) . 
These microorganisms coloniz e the intestinal trac t and me senteric lymph 
nodes of  man and lower vertebrates (Erskine e t  al . , 1 9 7 6 ) . Salmonellae 
produce an endo toxin which is released when the bacterial cells lyse . 
Salmonello sis is highly contagious , and is frequently a cause of  food 
poisoning in man . In general , fever , nausea , vomiting , diarrhea ,  
weakness , and malaise are the c linical symptoms o r  s igns in mos t  mammals 
and b ird s . One hundred thousand t o  2 million human cases with 500  
deaths occur annually in the United S tate s .  Salmone llosis ranks a s  the 
most frequent zoonot ic infect ion of animals and is one of  the mos t  
economically des t ructive bac terial diseases o f  the U . S .  livestock and 
poultry industry (Erskine e t  al . , 197 6 ) . 
The Salmonella problem and its  po ssible  re solutions are int imately 
as sociated wi th the environment :  was t e  disposal ( inc lud ing wat er and 
land applicat ion) and food and feed proce ssing , transportat ion , and 
storage . Although salmonel lo s i s  cannot b e  eradicated in the U . S .  due to 
the environmental complexities o f  the problem ,  we can hope for b etter 
prevent ion and control measure s through greater e f fort s in research , 
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surve illance , and educat ion as  well as awarenes s  o f  the nat ional prob lem 
(Erskine e t  al . ,  197 6 ) . 
There i s  no unanimous concensus regarding the safety of  sewage 
s ludge as a fe rt ilizer or feed supplement . Kowal and Pahren (19 7 8 )  
reported that disease transmis s ion b y  paras ites , bacteria , and virus es  
in land app licat ion of  dige sted  and s tored s ludges was not  a s igni f icant 
problem ,  while others (Brandon et al . , 197 7 )  ind icate d  that Sa lmonel la 
populat ion re growth may b e  o f  s ignificant conc ern under certain 
conditions . 
A number o f  factors may affect  the survival o f  microorganisms in 
waste s ludge s . Previous research work regarding the e f fects  of the s e  
factors and s ludge conditioning proce sses  o n  microorganisms is  presented 
in the following sections . 
Effects of Cell concentrat ion on microbial survival 
The literature sugge s t s  that the dens ity of  bact erial  cells present 
in a frozen suspension can inf luence viability . Maj or and his co-
workers ( 19 5 5 )  s tudied the survival of various bacteria s tored fro z en in 
broth at -2 2C and showed that in mo s t  instances surv iva l was longer the 
more dense the init ial populat ion . McKinney and his colleague s ( 1 9 5 8 )  
reported that the survival o f  Sa lmone lla in s ludge in seeded b ench-scale 
digesters was dependent on the dens ity o f  the initial populat ion , 
availab le nut rients , and detention t ime . Work by Harrison ( 1 9 5 5 )  on 
Lactobacillus ferment i during a s ingle freeze-thawing showed that the 
percentage surv ival was constant and independent o f  the init ial cell 
concentrat ion . However , when the suspensions were subj ected to a second 
freez e-thawing the initial cell  count s did exert an e f fect upon the 
7 suspension . With init ial cell  c ount s much be low 10 cells  per ml , the 
cells became unusually sens it ive to freez e-thawing . S trange and Dark 
( 19 6 2 )  observed the same viability of  cells under pro longed froz en 
10 storage ( 1  hr . at OC ) . The viab ility o f  dense suspens ions (ca . 10 
8 bacteria/ml) were le s s  affected than lower concentrat ions (ca . 10 
6 
bacteria/ml ) , during the same int erval . In contras t ,  data of Straka and 
Stokes ( 19 5 9 )  indicate that the survival of cells is independent of the 
init ial cell  concentrat ion . Though th�re are conflic t ing views 
regarding the effect  of cell concentrat ion , the literature lends support 
to the idea that les s  dense suspens ions are more sens itive to freeze-
inj ury than more dense suspensions . This seemed part icularly true in 
cells stressed by prolonged frozen s torage or repeated freez e-thaw 
cyc le s . 
Phase of growth on microbial survival 
Ideas on the phase of growth of organisms as it relat e s  to freez ing 
has provided conf licting views . S trange and Dark ( 19 6 2 )  reported that 
bact eria harvested during the exponent ial growth phase were more 
sus cept ible to  freezing than stat ionary phase organisms at low 
concentrat ions . Others (Packer et al . , 1965)  found no re lationship 
be tween the phas e  of growth and the degree of sus cep t ib i lity to death by 
freez ing and thawing . These conf licting observat ions may be due more to  
cell concentrat ion dif ference s  than the growth phas e . 
I' I 
Microb ial survival in aerob ic vs .  anaerob ic cul ture 
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The me thod used in the treatment of  so lid was tes  may b e  an 
important factor in cons idering the viability of  organisms inhab it ing 
the s ludge . Harrison and Cerron i  ( 19 5 6 )  reported that aerobically grown 
cultures of  Es cherichia coli were more resis tant to freez ing and thawing 
than anaerob ically grown culture s . Packer and his colleagues ( 19 6 5 )  are 
not in agreement . They stated that aerobiosis had no e f fect on the 
degree of suscep t ib ility to  death by fre e z ing and thawing . The views as 
to the handling of sludges during proces s ing and the survival of  
resident microf lora are  not  clearly understoo d .  The incons istencie s 
indicate a need for more s tudie s to determine i f  the conditions during 
the treatment of so lid wastes  could affect the surviva� of bacteria . 
Modif ied developments in the treatment o f  solid was t e s  may prove to b e  
e f fect ive in the removal of  undesirab le pathogens like Salmonella during 
processing . 
Effects of moisture content on microb ial survival 
Monitoring mo isture content o f  s ludge s during compos t ing was 
thought to b e  a successful way of controlling pathogens . Ward and 
Ashley ( 19 7 7 )  suggest that dewatering by evaporat ion may be a feas ib l e  
method o r  inac t ivat ing all enteric viruses in s ludge . The loss o f  wate r  
from s ludge resulted in a gradual decrease o f  recoverab le c e l l s  unt i l  
the solids content reached about 6 5  percent . Increases  from 6 5%-8 5% 
solids brought about a more dras tic  decreas e . Work with fecal 
associated bact eria populat ions of Es cherichia coil , Kl eb s ie lla !£..:. , 
Enterobacter !£..:. , Salmonella typhimurium , Proteus mirablis , and 
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Streptococcus faecalis (Ward e t  al . , 198 1) , did no t  produce such 
favorab le re sult s .  They found that the los s of water by evaporat ion in 
itself doe s  not appear to b e  an adequate method for reducing the 
bacterial populat ion in s ludge . This was supported by ob servat ions that 
recoverable cell forming units ( CFU) from sludge actually increased 
during the init ial phas e  of evaporat ion and , even when taken to near 
dryne ss , the obs erved reduc t ion in bac terial CFU was generally only 
about one order of magnitude les s .  S tudie s o f  Eps t e in and Wilson ( 19 7 5 )  
described inoculat ing Salmonella ent erit idis s erotyp e  Montevideo into 
composted s ewage s ludge at 60% so lids . Initial count s were measured at 
3 10 bacteria per gram of  solids . Af ter 2 days of  incubat ion , Salmonella 
counts were found to b e  greater than 109 bacteria per gram , sugges t ing 
significant growth of the bacterium under those  condit ions . S imilar ly , 
Brandon and his co-workers ( 19 7 7 )  found composting e f fe c t ive in reduc ing 
pathogenic bacteria to very low levels , but regrowth of Salmonella 
species did occur in material that consisted o f  as much as 6 0% sol ids . 
Yeager and Ward ( 198 1) reported that cultures of  bac t eria grown in 
sterilized liquid sludge ( 5% solids ) were all quite s tab le at this 
mo isture level for over 9 0  days at 2 1C .  When mois ture cont ent of the 
s ludges containing these  organisms was reduced by evaporat ion and s tored 
at 2 1C for extended periods , bacterial inac tivat ion rates  were generally 
proportional to the moisture losses  o f  the sample . A reversal in this 
e f fect was observed in samp le s  containing more than 90% solid s .  In 
dried s ludge , bacterial species were found to be extremely stable . 
Bacteria indigenous to s ludge were also found to survive for long 
p eriods in dried s ludge . Growth o f  seeded Salmone l la typhimurium was 
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found to occur in the presence of  indigenous organisms in b oth l iquid 
and dewatered raw sludges .  The dens ity attained however was well b e low 
that found in sterilized samples of  the same sludge . Results of Rus s  
and Yanko ( 198 1) are in agreement with Yeager and Ward ( 19 8 1) . 
Salmonella repopulat ion in wel l-composted sludge was found to occur 
s lowly and was found to  b e  dependent on mo isture levels , temperature ,  
and nutrient content . Salmone lla growth was found to occur , in sp ite o f  
competing coliforms and other bac teria , opt imally in the me sophilic 
temperature range (20C to 40C) and required a moi s ture content great er 
than 20 p ercent . The results  relating to moisture content indicate that 
s ludge drying beds and similar dewatering treatment may not p rovide 
adequate bacterial inact ivat ion . 
Effects of  t emperature on microb ia l survival 
Temp eratures to which microorganisims are exposed affect  survival .  
Straka and S t oke s ( 19 5 9 ) , using a P seudomonas spec ies and Escherichia 
coli , showed a re tardation of death as t emperatures were lowered b elow 
the freezing p o int . Wiley and Wes t erb erg ( 19 6 9 )  supplied  data 
indicat ing that aerob ic compo s t ing of sewage s ludge destroys the 
pathogens when a temp erature of 60C - 7 0C is  maintained for a period of 
three days . Ac cording to Farrah and Bitton (19 8 3 ) , the maj or fac tor 
inf luencing the survival of Salmonella typhimurium and indicator 
bact eria during aerobic diges t ion was the t emperature of t he s ludge . 
They determined that mos t  bacteria were associated with the sludge floes 
during aerob ic digestion of the s ludge at 2 8C and that lowering the 
temperature to 6C decreased the fract ion of bacteria as sociated with the 
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floes and increased the frac t ion found in the supernatant . Th is sugge s t s  
that a s  the temperature decrease s ,  the amount o f  associat ion betwe en the 
solids and the bacteria is also decreased . 
Effects of fre ezing and storage £!!_ microb ial surviva l 
In general , the survival of  microorganisms in fro z en s torage over 
t ime shows an initial drop in the numb er of viable cells , but under 
prolonged storage the degree o f  mortality occurring s eems to level o f f  
(Figure 1) . Hussong and his co-workers ( 19 8 5 )  provided data that 
salmonellae s tored at -20C for 1 year shows a 1 l og density reduct ion 
( 1 . 7x l 04 cells / g  to 2 . 4x l 03 cells /g) . The work o f  S t raka and Stokes 
( 1959)  supports this finding , but sugges t s  that inj ury and death occur 
more rap id ly dur ing the early period o f  s torage than later . Maj or and 
his colleague s ( 19 5 5 ) , s tudying a variety of bact erial s trains frozen 
(-2 2C)  and thawed (35C) , found that init ially the slope o f  the viable  
cell  count was st eep , represent ing rapid initial des truction of the 
cells . Wi th the passing of each increment of t ime , the s lope of the 
line decreased represent ing s lower and slower rates of death until after 
a few weeks the slope became negligible . The ultrarap id freez ing used 
by Doebbler and Rinfret in 196 3 induced essentially no inj ury in terms 
of growth capacity in Escherichia coli and Staphylococcus aureus , but 
markedly inj ured or killed cells of Azo tobact er vine landii  and 
Saccharomyc e s  c erevisiae (yeast )  and Aspergillus niger (fungus ) .  
The le thal e f fects  of  frozen s torage seem to b e  associated with the 
composit ion of the suspension medium .  Research resul t s  regarding the 
damage due to freezing of cells in dif ferent suspens ion media are 
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conf lict ing . Harrison ( 19 5 6 )  noted that the surv ival o f  Es cherichia 
coli cells stored at -22C  was increased by decreas ing the amount o f  
bro th solids pre sent and was b e s t  in distilled wat er . Data o f  Po stgate 
and Hunter ( 196 1) are not in agreement . They showed distilled water wa s 
as le thal an environment a s  broth or the basal medium for Aerobacter  
aerogene s and that the rat e o f  fre ez ing doe s not s igni ficant ly affec t 
survival . Clement ( 19 6 1) froze  cells in different media at -78C at 
varied storage temperature s from -7C to -40C for 24 hours and found no 
appreciable damage to cells froz en in distilled wat er; however , saline 
solut ion was found to cause extens ive damage .  Glucose and other 
protect ive adj uvants , when incorporated into the medium with saline , 
were found to buffer salt damage to the cells . This seemed to implicate 
salt s as a le thal substance to  cells during the freez ing proce s s . On 
the o ther hand , Staka and S toke s ( 19 5 9 )  found that 10% skim-milk gave 
some protect ion , sugge sting the nature of the sub s trate in the 
suspension f luid mus t  be of importance . 
The suggest ion o f  protective sub s tances was further demonstrated by 
Strange and Dark ( 19 6 2 ) . Bacteria l-free filtrate s  from chilled 
concentrated suspensions of exponent ial-phase organisms sub s tant ially 
protected a dilute suspension from the lethal effects  of chilling . 
Substances found in protective filtrates were amino acids , adenos ine 
tripho sphate , and nuc leic acid constituent s .  They showed that adenos ine 
triphosphat e  had no protective effect , while the amino acids d id . Later  
work by Mos s  and Speck ( 19 6 6 )  showed that peptide s released from froz en 
cells appear t o  b e  protective as we ll . They iso lated a series of l ow 
mole cular we ight pept ides released from frozen cells of  Escherichia co li 
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which protected cells during fro z en storage and aided in the recovery o f  
freeze-inj ured cells . Pre-freez ing s tarvat ion also seems to effect 
rapid destruc t ion o f  cells (Po stgate and Hunter , 1 9 6 2 ) . This state may 
produce leakage materials which can b e  utilized by survivors to maintain 
viab ility . A good source of  protection comes from the leakage mat erial 
that is released from cells in the form o f  amino acids or peptide s .  
These leakage materials seem to  aid in the protect ion o f  bacterial cells  
during.frozen storage . 
Effects  of freez ing and thawing � microbial survival 
Research indicates that repeated freez e-thaw cyc les  reduce the 
bacterial populat ions present , but do not eliminate them completely . 
Freez ing was determined not to destroy Salmonella; however , a moderate  
die-o ff doe s o ccur during the freez ing and thawing proce s s  (Erskine et  
al . ,  197 6 ) . Conf lict ing views have been pres ented as to the rate o f  
die-off during freez e-thaw cycles . Work b y  Harrison ( 19 5 5 )  with 
Lactobacillus ferment i found the second freez ing more l ethal than e ither 
the first freez ing or any of  the sub sequent freez ings . In all cas es 
after the first few succe s s ive fre e z ings , addit ional fre e z ings cause 
relatively little damage . This type of  survival curve is  the same as 
the one thought t o  occur during frozen storage ( Figure 1) . On the other 
hand , Packer and his associat e s  ( 19 6 5 )  found that repeated freez ing and 
thawing of cultures of Escher ichia coli grown in a minimal medium and 
froz en in the same medium without a carbon source resulted in a linear 
decrease in the log of the numb er of  surviving cell s .  Thi s  survival 
curve shows a constant reduction in the number o f  viable  cells pre sent 
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after each freeze-thaw cyc le (Figure 2 ) . They also found that the 
presence of spent growth medium (a f i ltrate of a s tat ionary culture) in 
the freezing medium protected cells  agains t death by freez ing and 
thawing . The e ffects of freez ing and thawing show s imilarities to 
frozen storage , in that a bacterial-free filtrate o f fers some protect ion 
against death . Al so , leakage seems to  be enhanced by the freez e-thaw 
cyc le s . We iler ( 19 6 9 )  found more leakage induced by freez ing and 
thawing of Es cherichia coli cells at -2 2C than could b e  induced by 
freezing and storage fo r 6 hours . The sub stances pres ent in the 
protective filtrate were the same as those described by Mo ss and Speck 
( 1966) . 
Effects of  indigenous f lora � microb ial survival 
Most of the research regarding the various factors on the survival 
of microorganisms in waste ac t ivated sludge ignores the e f fects  o f  the 
bio t ic environment . S tudie s involving pure cultures in a s t erilized 
medium disregard the act ively compet ing indigenous micro flora . The 
literature seems to  indicate that the indigenous organisms pre sent in 
sludge out-compet e  Salmonella over t ime . Yeager and Ward ( 19 8 1) 
determined that the number of  Salmonella cells  dropped b e low detectab le 
levels within a few days in s ludges containing viab l e  indigenous 
organisms , where a lit tle decrease occurred during the same t ime with 
Salmonella grown in previously steril ized sludge s . Re search by Hussong 
and co-workers ( 19 8 5 )  supports thes e  observat ions . They found that the 
act ive indigenous flora of compos t  e stablished a "homeostatic barrier" 
to the colonizat ion by salmone llae . The act ive micro flora of  moi s t  
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5 compost s  eliminated contaminat ing salmonellae ( 10 cells /g) after 6 
weeks . Ye t in the absence o f  compe t ing flora , reinoculated salmone llae 
may give rise to potentially haz ardous densities . Thus , the act ive 
indigenous microf lora pres ent in s ludge seem to compe te with the 
salmonellae over t ime leading to  a safe , compo sted material . 
Pub lished studie s on the effects  o f  frozen s torage and freez ing and 
freez ing and thawing of microorganisms frequently pre sent conf licting 
evidence .  The se dif ference s  are dif ficult to reso lve b ecause of  the 
many variat ions in experimental factors and techniques .  The research 
work presented in this paper focuse s upon the effects  of cell 
concentrat ion , froz en storage , freez e-thaw cyc les , and solids content , 
on the survival of Salmonella paratyphi � in was t e  ac tivated sludge . 
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MATERIALS AND METHODS 
Salmonel la paratyphi � (EIU culture collect ion) was the bacterial 
strain selected for s tudy . The Charleston Wastewater Treatment P lant , 
located in Coles County , Il linois , served as the source for sludge use d 
throughout the research . The Charleston plant operates an aerob ic 
digest ion process  in its treatment of  so lid was te s .  Al l reagent s and 
media were prepared us ing reagent grade water . Me dia were prepared 
according to the suggest ions of the manufacturer , except that Difeo 
Xylose Lactose Brilliant Green (XLBG) agar was not autoclaved prior to 
use . 
Experimental s eries #I 
S ludge collected from s ludge drying beds was further dried in the 
laboratory in a dry heat oven ( 103C - 105C)  until  0% moi sture was 
achieved . Af ter drying , the dewatered s ludge was homogenized in a 
Waring b lender and s ifted through a No . IO screen ( 2 . 0 0mm) to remove any 
large pebb les  or small rocks . Su spens ions at 10% and 5% solids were 
made with se condary effluent ( Charles ton Was tewater Treatment Plant) in 
I liter Erlenmyer flasks . Since this s tudy involved the viability o f  a 
pure S almonella culture in the abs ence of a compet ing microflora , the 
suspensions were autoclaved at 15ps i  ( 12 1C )  for 45 minutes . Secondary 
effluent alone served as  0% solids . Salmonella paratyph i � was grown t o  
stationary phase o n  Difeo Plate Count Agar (PCA) slant s at 3 5C .  The 
cells were suspended in Standard Methods phosphate buffered dilut ion 
water ( SMPBDW) ( S t andard Me thods for the Examinat ion of Water and 
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Wastewater , 198 5 )  and bacterial count s (us ing a Petrof f-Hauser count ing 
chamber) were made . Proper dilut ions o f  this suspens ion were made to 
bring the final cell count in the s terile sludge flasks to approximate ly 
5 3 . lxlO cells /ml . Ten milliliter port ions of  each concentrat ion ( 0% ,  
5% , 1 0%) were then asept ical ly p ipeted into s terile s ample bottle s for 
storage under the condit ions e s t ablished . Sample bott les were coded and 
assigned numerical value s .  To prevent any experimental b ias , sample 
bottles were s elected randomly us ing a table  of random numb ers (Diem , 
1 96 2 ) . One-third of  the 10% solids containers were placed under 
refrigerat ion t emperature s (3C to 6C) ; the remainder of the bottles were 
placed in frozen storage (ca . -25C)  with half of tho s e  to  be  used for 
freez ing and thawing cyc le s .  The same procedure was followed for the 5% 
and 0% so lids sample s .  
Three sample bottles were retained repre sent ing each o f  the solids 
concentrat ions to  det ermine a t ime-z ero or initial  cell count present in 
the s ludge . Ten ml o f  SMPBDW was added to the sample bottles  and shaken 
vigorous ly to disperse the solids and the organisms . A d i lut ion s cheme 
was estab l ished and duplicate spread plates  on both XLBG and PCA agar 
were made . The XLBG agar provided a selective and d i f ferent ial medium 
for the enumerat ion o f  Salmonella . ( The same medium was utilized by 
Hussong et a l . in 1 98 5  for the isola t ion of  Salmonella) . The PCA 
plates , a non-selective medium , were used to estab l i sh if any inj ury had 
occurred to the cells . I f  inj ury had occurred , fewer co lonies would be 
expected to  b e  pre sent on the selective medium (XLBG) than on the non-
select ive medium (PCA) . Plat e s  were incubated for 2 4  hours at 35C .  The 
plates in the direct count range ( 30-300 colonies)  were se lected and 
�aunts made . Values were reported as the mean o f  the logs ( S tandard 
�e thods ,  1985 ) of the duplicate plate s .  
During each subs equent experimental run , 9 samples were tested 
represent ing the nine dif ferent condit ions under which the organisms 
�ere held . Prior to dilut ion and plat ing , the sample bottles were 
thawed and allowed to equilibrate for 1 hour in a 3 5 C  water bath . The 
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;amples were tested at the end o f  1 ,  2 , 4 ,  and 6 weeks . This t ime frame 
represented a total of  4 f reez e-thaw cyc le s . 
Experiment al series #2 
The second series of  experiment s was conducted in the same manner 
as the first except for the following variations . The second experiment 
involved a higher initial cell concent rat ion in the s t erile sludge 
7 sample s (ca . 4 . 7x10 cells /ml) . This increase in cell  concentrat ion 
allowed for an increase in the length of time for freez ing exposure . 
Samples were t e s ted at the end o f  1 ,  2 ,  3 ,  4 ,  6 ,  8 ,  and 1 1  week 
interval s ,  or 7 freeze-thaw cyc le s .  Also , the XI.BG med ium was replaced 
with another selective and dif ferent ial medium , Difeo Xylose Lac tose 
Desoxycholat e  Agar (XLD) , which was found to b e  as effec tive in the 
recovery of Salmonella paratyphi � as XI.BG (unreported re sults) . 
As sociat ion of c ells with solid s  
The pos s ibility existed that low viable count s might b e  due to the 
se tt ling propert ies of the s ludge and the inab ility to keep the s ludge 
and organisms in a uniform suspens ion during pipet ing . Shake /settle  
experiments were conducted at both high and low ce l l  dens it ie s . PCA was 
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the medium used for the plat ing o f  5 replicate plat e s  of the 10% solids 
held under re frigerat ion , frozen , and freeze-thaw conditions . Plat ing 
and dilut ion s cheme s were followed as b efore with rapid shaking o f  the 
material j us t  prior to plat ing . In addit ion , following a 15 min . 
settling interval another set  o f  5 replicate PCA plat e s  were inoculat ed 
with supernat ant f luid . The se plates  were incubated for 2 4  hours a t  
3SC , after which the bacterial populat ions present were calculated . 
Comparisons o f  counts o f  set tled and shaken suspens ions were made u s ing 
a Students T test ( S t eele and Torrie , 19 60) for comparisons o f  log-
trans formed data of the geometric means (unpaired data , equal numb ers o f  
replicates) . 
[ 
f 
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RESULTS AND DISCUSS ION 
At the outset of the experiment a 200ml raw sewage sample was 
collected at the Charle ston Wa stewater Tr eatment P lant in an attempt to 
isolate a strain of Salmonella . An enrichment procedure with double-
strength selenite broth and doub le-strength tetrathionate broth with 
sub sequent p lat ing on Salmonella/ Shige lla agar and Bismuth-sulfite agar 
was performed as out lined in Standard Me thods ( 1 9 8 5 ) . Is olated colonies 
( 1 2 1 )  from the streak plate s  were selec ted for s tab inoculat ion into  
slants of Tr iple Sugar Iron Agar (TS I) . Fo llowing iso lat ion , only 1 5  o f  
the 1 2 1 tubes  inoculated demonstrated the charac t eris tic TSI react ion 
for Salmonel la (Red  slant /Ye llow but t) . However , after further testing 
none were found to be Salmonella . All sub s equent experimentat ion was 
performed us ing a pure culture o f  Salmonella paratyphi � ( EIU cul ture 
collect ion) . 
The first series o f  experiments examined the e f f e c t s  of  pro longed 
frozen storage and repeated freeze-thaw cycles on a low concentration o f  
5 Salmonella ( c a .  3 . lx l O  cells /ml) suspended in various solids 
concentrat ions (0 , 5 ,  and 10 percent) of  sterile was t e  activated sludge .  
The raw data for the s ix week run are reported in Table  1 .  The value s 
in Table 1 for b oth PCA and XLBG are reported as the mean of  the logs 
(Standard Me thods , 1 98 5 )  of  the dup licate plates  count ed . Figures 3 
through Figur e 5 p lot the values reported in Tab l e  1 .  
The effects  of refrigerat ion at  4C and sub sequent plat ing on XLBG 
and PCA show that the number of organisms surviving remains rather 
constant over t ime (Figure 3) , while condit ions of fro z en storage at 
Table 1 
Effects of Refrigeration, Prolonged Frozen Storage, and 
Repeated Freeze-Thaw Cycles on a Low Concentration of Salmonella 
Refrigeration 
PCA 
Refrigeration 
XLBG 
Frozen 
PCA 
Frozen 
XLBG 
Freeze-Thaw 
PCA 
Freeze-Thaw 
XLBG 
oa 1 2 3 4 5 6 
ob 5.46c 5.50 5.34 5.32 5.24 
5 5.55 5.55 5.59 5.16 4.50 
10 5.46 5.44 5.42 5.16 4.82 
0 5.50 5.40 5.35 5.33 5.35 
5 5.56 5.51 5.40 5 .17 3.84 
10 5.44 5.38 5.32 5 .18 4.49 
0 5.46 4.20 4.03 3.74 3.57 
5 5.55 4 .18 4.12 4.02 4.11 
10 5.46 4.68 4.57 4.60 4.54 
0 5.50 4.14 3.95 3. 70 3.56 
5 5.56 4 .16 4.02 3.96 4.14 
10 5.44 4.61 4.50 4.57 4.53 
0 5.46 4.34 3.26 2.38 2.09 
5 5.55 4.22 3.25 2.64 2.37 
10 5.46 4. 72 4.19 3.52 3.32 
0 5.50 4.30 3.13 2.07 1.48 
5 5.56 4.12 3.31 2.48 2.60 
10 5.44 4.51 3.96 3.44 3.08 
�Time intervals between trials (Weeks or Freeze-Thaw Cycles). 
Percent solid concentration of sample tested. cMean of the logs of duplicate plate counts. N ...... 
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-25C ( Figur e 4) and freeze-thaw cycle s ( Figure 5) show an approximate ly 
one log decrease in the surviving organisms after 1 week in fro z en 
storage . This supports work of Hussong and his co-workers ( 1 985)  on 
frozen storage . They too provided data that showed a one log dens ity 
reduct ion of salmone llae stored at -20C for one year . Cont inued fro z en 
storage of Salmonella doe s not seem to decrease viab ility . This i s  in 
agreement wi th Maj or and his colleague s ( 1 9 5 5 )  who s tudied a variety o f  
bact erial strains frozen (-2 2C )  and thawed ( 35C) . They found that 
init ially the s lope of the viab le cell  count was s teep , but with the 
pass ing of t ime the slope became negligible . Salmone lla subj ected to 
repeated fre eze-thaw cyc le s (Figure 5)  show a relat ive ly cons tant 
decrease in the log o f  the number of  cells . Work by Packer and his 
associates ( 1 96 5 )  similar ly demonstrated a linear decreas e in the log of 
the number of  surviving Es cher ichia coli cells under condit ions o f  
repeated freezing and thawing . The se results indicate that while fro z en 
storage is  successfu l  at produc ing an init ial lethal e ffect , pro longed 
frozen storage doe s not adequately disinfec t the materia l .  Repeated 
freez ing and thawing , however , seems to cont inually s tress  the cells 
producing some reduct ion after each cycle .  
The effects  of  moisture on microb ial survival is  a lso evident 
(Figures 3 to 5 ) . S olid concentrat ions o f  0 ,  5 ,  and 1 0  percent were 
estab lished primarily on the basis of being within the moisture content 
required to work with the material in an aseptic manner .  The purpose o f  
varying the solids concentrat ions was t o  determine if  the solids pre sent 
would aid in protecting the bacteria during frozen s torage , thereby 
increasing the viab ility of the cells . The e f fec t s  of  varied solid 
concentrat ion seems to  have relat ive ly no effect on Salmone lla stored 
under refrigerat ion t emperatures (Figure 3) . Slight dif ference s  that 
exist may be due to the variab ility in the sample bottle s .  In froz en 
storage and freez e-thaw condit ions an evident pattern o f  pro tect ion 
appears ( Figure 4 and Figure 5 ) . Greater so lid concentrations seem to  
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pro tect and increase the survival of  the Salmonella over time , while the 
absence of solids seems to be more detrimenta l .  Evidence indicates that 
for small populations the presence of solids tends to decrease 
mortality . 
Inj ury was determined for each of  the solids concentrat ions under 
each storage condit ion and is reported in Tab le 2 .  Inj ury was define d 
as the ab ility of  the organism to grow on PCA , but no t on XLBG . Re fer 
to Figures 3 through Figure 5 to determine the difference s  b etween PCA 
and XLBG count s . Little or no apparent inj ury is present under 
re frigerat ion or frozen storage at the various concentrat ions of  solids , 
except for the final reading under refrigerat ion where the pre sence of  
solids seemed to  increase inj ury . Thi s might b e  explained from the fac t 
that under prolonged refrigeration , contaminat ion o f  sample bottles  
became a prob lem . Some apparent inj ury seems evident dur ing repeated 
freez ing and thawing , with the greatest amount of  inj ury occurring in 
the 5% and 1 0% solid s . 
The second series of  exper iment s  was to examine if  higher 
7 concentrat ions of S almonella pres ent (ca . 4 . 7x10 cells /ml) would 
inf luence the ir survival .  The same basic experimental des ign was 
followed excep t in the plat ing medium used . In the second series , XLBG 
was rep laced by XLD , ano ther selective and different ial medium for 
Table 2 
Injury of Salmonella Cells (Low Concentration) at Solid Concentrations of 0, 5, and 10 Percent 
Under Refrigeration, Frozen Storage, and Repeated Freeze-Thaw Cycles. 
oa 1 2 3 4 5 6 
Refrigeration ob -0.04c 0 .10 -0.01 -0.01 -0.11 
Injury 5 -0.01 0.04 0.19 -0.01 0.66 
10 0.02 0.06 0.10 -0.02 0.33 
Frozen 0 -0.04 0.06 0.08 0.04 0.01 
Injury 5 -0.01 0.02 0.10 0.06 -0.03 
10 0.02 0.07 0.07 0.03 0.01 
Freeze-Thaw 0 -0.04 0.04 0.13 0.31 0.61 
Injury 5 -0.01 0.10 -0.06 0.16 -0.23 
10 0.02 0.21 0.23 0.08 0.24 
�Time interval between trials (Weeks or Freeze-Thaw Cycles). 
Percent solid concentration of sample tested. cDifference between mean of the logs of duplicate plates 
counted on PCA and XLBG 
N 
-...J 
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isolat ing Salmonella . The data for the second serie s are presented in 
Figure s 6 through 8 and in Tab le  3 .  The value s in Table 3 for both PCA 
and XLD are reported as the mean of the logs ( Standard Me thods , 1 9 85)  of  
the dup licate plate s counted . Und er refrigerat ion , little or  no 
mortality was obs erved (Figure 6) . An early increase in the numb er of  
colonies was due to  mechanical failure of the refrigerator which allowe d 
increases in temperature s .  The data show a s imilar re lat ionship to that 
of the first  series conducted . 
The survival of Sa lmonella under frozen s torage shows an init ial 
reduct ion in the number of viab le cells with a subs equent leve ling of f 
o f  viable numb ers (Figure 7 ) . Ag ain , the data re inforce that o f  the 
first serie s . In view of the s e  re sult s ,  the initial c e l l  concentration 
does not seem to  affect the survival of  the Salmonella . Th is is 
supported by the work of S traka and S toke s ( 1 95 9 )  who also found the 
survival of cells independent of the init ial cell concentrat ion . 
Repeated fre ezing and thawing causes a reduct ion in the numb er o f  
cells after each freez e-thaw cycle . The reduct ion b ecame somewhat less  
pronounced over t ime ( Figur e 8 ) . Thes e  data suggest that the firs t 
freez ing is the most le thal , while sub sequent freez ing and thawing was 
less so . ( In contrast ,  work by Harrison ( 1 9 5 5 )  with Lactob acillus 
ferment! found the second freez ing more lethal than e i ther the first or 
any sub sequent freezing) . Contrary to  results for low cell numbers , for 
high concentrat ions o f  cells , the greater the solid content present , the 
more de trimental it was to the viab ility of the Salmone lla.  In the 
former case , 1 0% solids seemed protective while in the latter case 10% 
solids actual ly cause d  more lethality . 
Refrigeration ob 
PCA 5 
10 
Refrigeration 0 
XLD 5 
10 
Frozen 0 
PCA 5 
10 
Frozen 0 
XLD 5 
10 
Freeze-Thaw 0 
PCA 5 
10 
Freeze-Thaw 0 
XLD 5 
10 
Table 3 
Effects of Refrigeration, Prolonged Frozen Storage, and 
Repeated Freeze-Thaw Cycles on a High Concentration of Salmonella 
oa 
7.62c 
7.70 
7.67 
7.61 
7. 72 
7.74 
7.62 
7.70 
7.67 
7.61 
7. 72 
7.74 
7.62 
7.70 
7.67 
7.61 
7. 72 
7.74 
1 2 3 4 5 6 7 8 
7.53 8.53 7.58 7.53 7.47 7.49 
7.99 9.30 8 .18 8.20 8.23 8.20 
8.25 9.45 8.31 8.33 8.27 8.06 
7.48 8.54 7.46 7.40 7.30 7.00 
8 .17 9.28 8.25 8.20 8.17 8.04 
8.26 9.45 8.20 8.23 7.55 7.02 
7.18 7.09 7.03 6.87 6.64 6.59 
6.40 6.45 6.35 6.41 6.21 6.24 
5.98 6.32 6.07 6.20 5.91 6.00 
7.12 6.83 6.60 6.48 6.42 6.37 
6.36 6.20 6.08 6.20 5.78 5.74 
5.97 6.08 5.60 5.68 5.49 5.45 
7.00 6.50 5.69 5.20 4.87 4 .18 3. 72 
6.30 5.82 5.30 4.37 4.03 3.83 3.46 
6.12 5.25 5.25 4.24 3.88 3.57 3 .11 
7.03 6.00 5.27 4.30 4.50 3.56 3.43 
6.22 5.61 5 .18 4.08 3.80 3.50 3.27 
6.06 5.04 5.01 4.27 3.11 2.94 2.67 
�Time intervals between trials (Weeks or Freeze-Thaw Cycles). 
Percent solid concentration of sample bottle tested. cMean of the logs of duplicate plate counts. 
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7.42 
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Effects of Refrigeration on the Viable Number of 
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Inj ury was determined for each o f  the solid concentrat ion under 
each storage condit ion for high populations o f  organisms and is repor ted 
in Table 4 .  A not iceab le amount o f  inj ury seems evident under all 
condit ions ( Figures 6 to 8 ) . Refrigerat ion shows the mos t  pronounced 
inj ury to the cells after s ix weeks o f  storage . These results could b e  
related t o  the contaminat ion that seemed mos t  prevalent a t  that t ime . 
Inj ury is also evident under froz en storage , but condit ions o f  repeated 
freeze�thawing seems to b e  mos t  detrimental peaking at the fourth 
freez e-thaw cycle . The effect of  various solid concentrat ions on inj ury 
does not seem c lear from the result s .  
Recovery of Salmone lla froz en in 10% solids varied in the two 
experiment s ( Figure s 4 and 7 ) . One reason for this might be cellular 
associat ion with solids (Farrah and Bit ton , 1 98 3 ) . As large numbers o f  
cells die and lyse releasing st icky protoplasmic cons tituent s , cells , 
both living and dead , may become trapped in large particles of  floe 
( S trange and Dark , 1 9 62;  Mos s  and Spe ck , 1 9 66; and Weiler , 1 9 6 9 ) . 
Subsequent plat ing would tend to underestimate viab l e  numb ers s ince 
solids as sociated cells may deve lop into s ingle discrete co lonie s .  A 
series of  experiment s was performed to determine i f  the cells were , in 
fact , as sociated with the solids (Table  5 ) . The results provided are 
reported as the geome tric mean va lue s (Standard Me thods ,  1 98 5 )  of 5 
rep licate p lat e s . Thre e  separate trials were performed on samples 
containing 1 0  percent solids , under the three different condit ions 
(Refrigerated , Frozen , and Fre eze-thawed) . The 1 s t  and the 2nd trials 
were from sample bottles with an init ial low cell concentrat ion (ca . 
3 . lxl05 cells /ml) , while Trial 3 was from the higher concentrat ion 
Table 4 
Injury of Salmonella Cells (High Concentration) at Solid Concentrations of 0, 5, and 10 Percent 
Under Refrigeration, Frozen Storage, and Repeated Freeze-Thaw Cycles 
Refrigeration ob 
Injury 5 
10 
Frozen 0 
Injury 5 
10 
Freeze-Thaw 0 
Injury 5 
10 
oa 1 2 3 4 5 6 7 
O.O l c 0.05 -0.01 0.12 0.13 0.17 
-0.02 -0.18 0.02 -0.07 o . oo 0.06 
-0.07 -0.01 o . oo 0.11 0.10 o .  72 
0.01 0.06 0.26 0.43 0.39 0.22 
-0.02 0.04 0.25 0.27 0.21 0.43 
-0.07 0.01 0.24 0.47 0.52 0.42 
0.01 -0.03 0.50 0.42 0.90 0.37 0.62 0.29 
-0.02 0.08 0.21 0.12 0.29 0.23 0.33 0.19 
-0.07 0.06 0.21 0. 24 0.15 o .  77 0.63 0.44 
aTime interval between trials (Weeks or Freeze-Thaw Cycles). 
bPercent solid concentration of sample tested. 
cDifference between mean of the logs of duplicate plates 
counted on PCA and XLD. 
8 11 
0.49 1.22 
0.16 0.11 
1.04 0.48 
0.2 2  0.34 
0.50 0.52 
0.55 0.47 
VJ 
� 
Table 5 
Solids Association by 
Shaken a 
Trial 1 
Refrigeration 43C 
Frozen 16 1 
Freeze-Thaw 92 
Trial 2 
Refrigeration 141 
Frozen 142 
Freeze-Thaw 66 
Trial 3 
Refrigeration 49 
Frozen 31 1 
Freeze-Thaw 253 
Salmonella 
Settled b 
38 
164 
58 
1 1 2 
134 
24 
37 
273 
8 1  
Cells 
. . d t-stat1st1c 
N.S. e 
N.S. 
< 5% 
N.S. 
N.S. 
< 1 %  
< 1 %  
< 1 %  
< 1 %  
:shaken and immediatly diluted and plated. 
Shaken, allowed to settle 15 min., supernate diluted 
and plated. 
�Geometric mean of five replicate plate counts. 
Students t calculated from log-transformed data. eN.S. = not significant ; < 5%, < 1 %  = significant 
differences at 5% and 1 %  level s respectively. 
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7 (ca . 4 . 7x l 0  cells/ml) . The results  suggest more cell/s olids 
associat ion when the cell concent rat ion is high than when it is low.  In 
addit ion ,  freez ing and thawing not only dramat ically decreased 
viability , but also provided for more so lids as sociat ion . In general , 
the greater the absolute numb ers o f  cells killed , the greater the sol ids 
associat ion . Such result s may b e  explained f rom conc lus ions of S trange 
and Dark ( 1 9 6 2 ) .  They det ermined that , during frozen storage and 
freeze-thawing ,  lysis of the cells release s materials to the surround ing 
suspension . Subs tance s  found were amino acids ,  adeno s ine triphosphate , 
and nuc leic acid const ituent s .  The cont ent s re leased may form a 
gelat inous substance between solid part icles and b ac t erial cells . Th is 
associat ion would t end to produce viab i lity estimat e s  much lower than 
actually pre sent . 
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CONCLUS IONS 
Work with S almonella paratyphi � in pure culture s tored under 
conditions o f  refrigerat ion (4C) , fro z en (-25C) , and repeated freez ing 
and thawing in varied waste  activated s ludge concentrat ions of  0 ,  5 ,  and 
10 percent have produced a numb er of conclus ions . 
The init ial concentrat ion of  the bacterial populat ion seems to have 
no apparent inf luence on the ir survival .  In both series o f  experiment s 
under high and low populat ion dens i t ie s  the s ame pat t ern o f  mortality 
occurred for each condit ion s tud ied . 
The condit ion of storage inf luences  the survival of the cells 
dramatically . Re frigeration appears to  have lit tle  e f fect on the numb er 
of organisms surviving . Froz en storage , on the other hand produces an 
init ial reduc t ion in the numb er of viable cells with a sub s equent 
leve ling off of viab le numbers over time . Fre ez ing and thawing produced 
the most inf luence on the numb er o f  surviving cells . Rep eated freez ing 
and thawing caused a reduct ion in the number of cells after each freeze­
thaw cyc le . 
The amount o f  inj ury to cel ls t ended to be  related t o  the condition 
of storage . Refrigerat ion caused little or no apparent inj ury , while 
froz en storage caused  more inj ury . The mos t  sub s tant ial inj ury occurred 
under condit ions of repeated fre e z ing and thawing . 
For low populat ions o f  cells the amount of  solids present 
inf luences the survival of cells stored under frozen and freez e-thaw 
condit ions . Greater s olid concentrat ions seem to protect and increase 
the survival of S almonella over time , while the ab sence of  solids seems 
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to be  more detrimental . This pat tern o f  protect ion was no t observed for 
high populat ions of  cells , where the presence of  solids tended to 
increase mortality . 
An apparent explanat ion o f  this was determined through a series o f  
experiments to de termine the associat ion of  ce l ls with solid s .  Trials 
p erformed with init ial low and high concentrat ions o f  cells sugges t  more 
cell/solid a s sociat ion when the cell  concentrat ion is high than when it 
is low . This associat ion t ends to  produce viability e s t imate s  much 
lower than actually present . As sociat ion may b e  related to absolut e 
numbers of  cells killed . 
In conc lus ion the use o f  sludge as a fert ilizer and its applicat ion 
to farmland seems to pose relat ive ly lit tle harm to the environment . 
Re search indicates that even high populat ions o f  Salmonella present in 
s ludge are drast ical ly reduced a fter seven freeze-thaw cycle s .  Wint er 
condit ions in areas o f  the United States that experience periodic 
freez ing and subsequent thawing will reduce the numb er of  organisms 
surviving , effectively to undetec table levels . Other research has 
sugge sted that indigenous microf lora present may "out-compete" the 
Salmonella . Further research with controlled populat ions o f  such 
organisms might he lp e stab lish whether their presence may lead to a safe 
composted material . 
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